Synthesized by the wet chemical precipitation technique, hydroxyapatite (HAp) powders with the sizes of the crystallites of 20-50 nm and 1 µm were analyzed by different analytical methods. By means of electron paramagnetic resonance (EPR) it is shown that during the synthesis process nitrate anions from the reagents (by-products) could incorporate into the HAp structure. The relaxation times and EPR parameters of the stable axially symmetric NO 2− 3 paramagnetic centres detected after X-ray irradiation are measured with high accuracy. Analyses of high-frequency (95 GHz) electron-nuclear double resonance spectra from 1 H and 31 P nuclei and ab initio density functional theory calculations allow suggesting that the paramagnetic centres and nitrate anions as the precursors of NO 2− 3 radicals preferably occupy PO 3− 4 site in the HAp structure.
Introduction.
Synthetic hydroxyapatite Ca 10 (PO 4 ) 6 (OH) 2 (HAp) is widely used for the variety of applications. Due to its excellent biocompatibility, osteoconductivity and chemical composition mirroring that of bone mineral and teeth enamel it is extensively employed for the hard tissues implantation. It is thought that HAp nanoparticles (nano-HAP) are better candidates for an apatite substitute of bone in biomedical applications than micro-sized hydroxyapatite (micro-HAp) [1] . Nano-HAp has the potential to improve current disease diagnosis due to their ability to circulate in the blood, to deliver and to distribute a payload to tissues and cells in the body for bioimaging and therapeutical applications [2] . High sorption activity to a number of various anions and cations makes the HAp based substances important not only in the biomedical area but also for waste management and in catalysts production [3] [4] [5] . High efficiency of HAp for the nitrate removal from the ground water was demonstrated in [6] .
Conventional continuous-wave (cw) X-band (9 GHz) EPR (electron paramagnetic resonance) and ENDOR (electron-nuclear double resonance) methods are widely used for investigations of the radiation defects in apatite like materials. The obtained signals are usually ascribed to the different carbonate, phosphorous, hydroxyl, and oxygen radicals (see [7] for the recent review). Nitrogen-containg species though could be de-1) e-mail: marat.gafurov@kpfu.ru; sergei.orlinskii@ksu.ru tected in the apatite-like materials [8] [9] [10] [11] [12] [13] are not so extensively studied. It happens that their EPR spectra are not even recognized as due to the nitrogen [14, 15] . No nitrogen-containing centres were detected in the HAp of biogenic origin including bone or dental enamel [13, [16] [17] [18] . Though it is reported that low concentrations of the nitrogen-containing components in HAp used for implantation appear to be necessary for bone resorption, their high levels have an inhibitory effect [19] . A role of the nitrogen-containing impurities in HAp used for biomedical purposes is still debated. Localization of the N-containing inclusions in HAp is usually even not discussed. Methods of control of nitrogen compounds in small amounts in HAp (especially in nano-HAP) are not developed.
In this paper some capabilities and limitations of the commercial high-field/high frequency (HF EPR) of 95 GHz (W-band) and Fourier-Transform EPR spectrometers (FT-EPR) to study the nitrogen containing micro-and nano-HAp based materials in comparision to other analytical tools and "standart" EPR methods are shown. New experimental approaches to the identification, structure elucidation and localization of the nitrogen-containing species are presented. The experimental findings are supported by the density functional theory (DFT) calculations.
Materials and methods. Synthesis of HAp powders. For this work the nano-HAp powders with the stoichiometric formula Ca 10 (PO 4 ) 6 (OH) 2 were prepared by the wet preparation technique according to equation
(1)
Briefly, 0.3 M stock solution of ammonium phosphate (NH 4 ) 2 HPO 4 (3N purity, Labteh, Russia) was added in a drop-wise manner under constant stirring in an atmosphere of gaseous N 2 (to avoid carbonate contamination) to 0.5 M stock solution containing calcium nitrate ((NO 3 ) 2 · 4H 2 O) at desired ratio. The pH value of the stock solutions was pre-adjusted at 11.0(5) and then it was maintained manually at the constant value by addition of the concentrated solution of NH 4 OH. After total mixing of the stock solutions, the suspension was ripened and heated to obtain micro-and nano-HAp: for 1 hour in one run (the case of 20 nm powder) up to 7 days for 1 µm powder under constant stirring and N 2 -bubbling. Then, the precipitates were filtered, thoroughly washed with distilled water and allowed to dry at room temperature (RT) overnight. Other details are given in [5, 20] .
Analytical methods. The samples were studied by X-ray diffraction (Cu Kα radiation, Rigaku D/MAX 2500) and FTIR spectroscopy in 400-4000 cm −1 range (Perkin-Elmer 1600). The micromorphology of the powders was examined by scanning and transmission electron microscopy (TEM, JEM-2000FX II, JEOL, operated at 200 kV and FESEM LEO SUPRA 50VP, Carl Zeiss, 5 kV). The Ca-and P-contents of the synthesized powders were extracted by energy dispersive Xray fluorescence analysis (EDS, INCA Energy+, Oxford Instruments attached to LEO SUPRA 50VP). Xray irradiation of the synthesized nanopowders was performed using URS-55 source (U = 55 kV, I = 16 mA, W -anticathode) at RT to create stable paramagnetic centres. FT (pulsed) and continuous wave EPR and ENDOR measurements were done by using X-band (9 GHz) and high-frequency (94 GHz, W -band) Bruker Elexsys 580/680 combined spectrometer.
EPR spectra were recorded by means of standart cwtechnique as well as by means of field-swept two-pulse echo sequence (FS-ESE) π/2 − τ − π with the pulse length of π pulse of 16 (X-band) or 36 ns (W -band), correspondingly, and time delay τ = 240 ns. For the phase-memory time measurements τ was varied from 200 ns up to the desired value with the minimal possible step of 4 ns. The Inversion-Recovery pulse sequence π − τ − π/2 − τ − π for the spin-lattice relaxation times measurements was used. ENDOR spectra were detected by Mims sequence [7, 21] with the length of the radiofrequency (RF) pulse of 18 µs. Simulations of the obtained EPR spectra are done using EasySpin toolbox for MatLab [22] .
Density functional theory based calculations. Abinitio calculations were carried out within the planewave pseudopotential framework with the PerdewBurke-Ernzerhof (PBE) [23] exchange-correlation functional. The Quantum ESPRESSO package [24] was used. Unit-cell and initial positional parameters for HAp were taken from [25] . The 1 × 2 × 1 monoclinic supercell (space group P 2 1 /b; 176 atoms in case of pure HAp) was used for the calculations. To analize possible influences of the supercell size on the calculated properties 44-and 88-atoms configuration were also considered. Preliminary structural optimization together with the analysis of the total energies was performed using Vanderbilt ultrasoft pseudopotentials [26] with kinetic energy cutoffs of 40 Ry for the smooth part of the electron wave functions and 320 Ry for the augmented electron density (as defined by the convergence test). Parameters of the hyperfine interaction of the unpaired electron with 14 N and 1 H nuclei were extracted by using the gauge-including projector augmented wave (GIPAW) approach [27] with Troullier-Martins pseudopotentials [28] and the planewave energy cutoff of 60 Ry. The Brillouin Zone integration was restricted to Γ-point during structural optimization, whereas the Monkhorst-Pack [29] k-point mesh with the reciprocal spacing of about 0.35 nm XRD analysis show that all the samples contain only one phase corresponding to the space group P 6 3 /m with the parameters of the unit cell close to a ≈ b ≈ 0.942 nm and c ≈ 0.688 nm typical for the bulk crystals of the hydroxyapatite [3] . Sizes of crystallites were estimated from the diffraction line profile (002) [30] . Corresponding EDS investigations ensure the ratio Ca/P = 1.66 (2) . XRD patterns before and after X-ray irradiation with the doses of 5 and 10 kGy are measured to be the same.
The EPR spectrum of X-ray irradiated nano-HAp samples with an average size of 30 nm recorded in cwmode at RT is presented in Fig. 1a . After X-ray irradiation with the doses of 5, 10, and 100 kGy the amplitude of the EPR signal remains the same. Induced radicals' concentration of 5(1)·10
18 spins per gram was estimated from the comparison of the integrated intensity of the spectra with that from the standart reference sample (Mn 2+ in MgO). Fig. 1b presents the EPR spectrum obtained by FS-ESE in X-band (ν = 9.6 GHz) at RT along with the Table 1 EPR parameters extracted from the simulations of the RT FS-ESE X-band spectra (Fig. 1b Fig. 1 . EPR spectra in a powder of Ca10(PO4)6(OH)2 nanoparticles (30 nm) after X-ray irradiation in X-band at T = 298 K measured in cw-mode (a) and in FS-ESE mode (b) (exp) along with the simulation for NO 2− 3 radical curve (sim) with the parameters given in Table 1 . Simulation curve is vertically shifted for convenience. The vertical dashed arrow points the value of B0 in which ENDOR spectra are acquired and relaxation times are measured simulation for NO
2− 3
type radical (see next section for details). It gives an opportunity to measure the characteristic relaxation times of the centres observed. For X-band at T = 298 K spin-lattice (longitudinal) relaxation time T 1e = 22(2) µs is estimated from the inversion-recovery experiments while the phase-memory (transversal) time T 2 * = 5.3(2) µs from the spin-echo decay in the magnetic field B 0 corresponding to the perpendicular orientation of the nanocrystals investigated (vertical dashed arrow in Fig. 1b) .
In [16] it was proposed that the HAp components of the aorta organomineralic matrix could serve at least as markers for the diagnosis of the atherosclerotic plaque formation/rupture risks. Advantages of the increased resolution and sensitivity of the HF EPR methods were applied to detect and quantify the tissues containing the carbonate radicals in nano-HAp inclusions for the early diagnosis [16] , to investigate spectral and relaxation characteristics of the naturally existing manganese or intentionally incorporated lead ions and to establish their locations in atherosclerotic plaque and nano-HAp structures [17, 18, 31] . W -band FS-ESE detected EPR spectrum of the 20 nm sample at T = 50 K is presented in Fig. 2 . Relaxation times T 1e = 30(1) µs and radical with the same parameters as for the X-band measurements (Table 1) is vertically shifted for convenience. The vertical dashed arrow marks the value of B0 in which the relaxation times and ENDOR spectra are measured T 2 * = 8.3(3) µs are estimated at T = 300 K in the magnetic field B 0 corresponding to the maximal obtained ESE (dashed arrow on Fig. 2) . Nature of the additional splittings detected in the W-band experiments due to the increased spectral resolution and sensitivity of the HF EPR, we ascribe to the presence of carbonate radicals [16] and to some paramagnetic centre(s) with the spectroscopic g-factor close to that of the free electron.
To specify the coordination of the obtained paramagnetic centres ENDOR experiments were carried out. Fig. 3 presents the Mims-ENDOR spectra in the vicin- Fig. 3 . ENDOR spectra of the X-ray irradiated nano-HAp in the vicinity of (a) phosphorous and (b) hydrogen Larmor frequencies; W -band, 50 K ity of phosphorous ( 31 P) and hydrogen ( 1 H) Larmor frequencies obtained in W -band at T = 50 K.
No significant difference between the EPR and ENDOR signals or relaxation times were observed with the size of the powder grains that is typcal for the localized paramagnetic centres. No changes of the observed EPR, ENDOR signals or relaxation times were monitored even after samples annealing up to 400
• C for 4 hours under vacuum (< 10 −4 mbar). Our attempts to replace the observed paramagnetic centres by washing the HAp powders before and after X-ray irradition in a NaOH or HCl solutions in a wide pH range (3-12) also do not reveal a significant change in EPR or ENDOR spectra or relaxation characteristics. All these demonstrate that the observed radicals are not located on the powder grain surface but most probably are incorporated into the HAp structure of the investigated HAp nanopowders.
Discussion. EPR spectra. The position of the EPR spectra and observation of the three-line pattern with the characteristic splitting for crystals (due to the hyperfine interaction between the electronic spin with S = = 1/2 and one nuclear spin with I = 1) can be ascribed to the presence of stable nitrogen-containing paramagnetic centre (for 14 N isotope with the natural abundance of 99.6 %, I = 1). The observed X-band spectra (Fig. 1 ) present typical powder spectra that can be described by the spin-Hamiltonian of the axial symmetry
where g and g ⊥ are the main components of the gtensor, A and A ⊥ are the main components of the hyperfine tensor, B i , S i , and I i are the projections of the external magnetic field strength, electronic spin S = 1/2 and nuclear spin I = 1, correspondingly, onto the i = x, y, z coordinate axis, β is a Bohr magneton. The values listed in Table 1 are derived from the simulations of the ESE spectrum (Fig. 1b) . They show the presence of at least three paramagnetic centres of the same origin (denoted as M for "modification"). In simulations it is assumed that A-and g-tensors are coliniear.
The X-band spectra could be simulated nicely if we suppose a Gaussian (continuous) distribution of A with a deviation of 0.40 mT around the mean value of 6.65 mT and discrete distribution of A ⊥ around 3.37 mT while the components of g-factors for all of the obtained radical's modifications are the same. The most intensive signal from the modification denoted as MI is overlapped by two others in less concentrations ( 3 ), on the other hand, have an axially symmetric hyperfine interaction tensor and (in the most cases) g-factor [7] [8] [9] [10] [11] [12] [33] [34] [35] [36] . It could be expected also that due to the additional rotational mobility of RO 2 and OROO type radicals along O-R-O axis [36, 37] their electronic spin-lattice relaxation times should be shorter than those for RO 3 and it might be problematic to obtain ESE detected EPR of those in HAp at RT. Based on the values of g-and A-tensors obtained in our experiments we can conclude that the X-band and Wband EPR spectra are undoubtedly due to the presence of NO 2− 3 type radical. In addition to [9, 11, 12] we have managed to detect one more NO 2− 3 (MIII) modification with even smaller value of A ⊥ in X-ray irradiated material and did not observe great changes in the EPR spectra after annealing up to 400
• C in our nano-HAp samples. It seems to be that the variety of the modifications obtained in HAp is caused by the quality of the samples rather than by the type of the radiation source and its dose. No detailed theoretical study of NO 2− 3 is known. As mentioned, some researchers still incorrectly interpret the similar to Fig. 1a EPR spectrum ascribing it to other types of radicals [14, 15] . This fallacy is caused among other things by the absence of the nitrate bands in the vicinity of 825 and 1385 cm −1 in IR patterns of HAp [38, 39] . The lack of the nitrate infrared response could be ascribed to the low nitrate concentration, IR lines broadening with the particle size decrease or to their overlap with the intensive, broad PO 3− 4 bands. In this sense the exploited EPR routines could serve as a sensitive supplement to the recognized methods of the nitrate detection [40] .
Authors of [14] have attributed the same cw-EPR spectrum as we obtained (see Fig. 1a ) to the HCO type radical. But it is not our case: the intensity (amplitude) of the discussed EPR signal in the carbonated samples prepared with the same procedure as described (see [39] ) goes down with the carbonation level and becomes negligible at the carbonate concentrations of 8 wt. %.
ENDOR spectra. Superhyperfine interaction, characterized by the superhyperfine constant a, between the electron cloud of NO 2− 3 radical and neighbouring nuclei with I = 1/2 and 100 % abundance like 31 P and 1 H leads to the splitting of the ENDOR spectra according to
where h is a Planck constant, g (I) is a nuclear gfactor and β (I) is a nuclear Bohr magneton [7, 21] . For the first approximation, assuming the pure electronnuclei dipole-dipole interaction in the point model, the electron-nuclear distances, r, from the ENDOR splitting can be estimated as:
where Θ is an angle between the directions of g and B 0 . Spectral resolution of the W -band experiments allows to choose the value of B 0 corresponding to the "pure" perpendicular orientation g ⊥ . In this case the factor 1 − 3 cos 2 Θ = 1. The calculations are registered as r exp in Table 2 . One phosphorous and different hydrogen nuclei neighbouring the radical could be distinguished (see Fig. 3 ). Due to the closeness of the spectroscopic parameters of all three modifications MI-MIII to each other (cf. Table 1) , it is expected that all of them give an equal contribution to the ENDOR spectrum.
Assuming that the unpared electron is mostly localized on N, we have compared the distances between the all possible atomic positions that can be N-substituted and the nearest hydrogen and phosphourous atoms with our ENDOR results. Such "screening" allowed us to choose two crystallographic sites for the nitrogen atom of the nitrate ion: N(1) that substitutes two close hydrogen sites in OH-channel and N(2) that substitutes O atom of the phosphate tetrahedron of HAp structure. The distances between these positions and the nearest hydrogen and phosphorous atoms (r calc ), derived from the undistorted perfect HAp crystal structure [3] are listed in Table 2 . The positions N(1) and N(2) appear to be the most probable for the nitrate incorporation (as in the case of carbonate substitution they can be designated as A-and B-sites, respectively).
DFT calculations. To define a structure and location of NO − 3 ion, we have considered two possible models of its incorporation as suggested by ENDOR. For the N(2) site a charge compensation is required. As it is usually assumed for the carbonate-doped HAp, we suggest that the charge compensation scheme is manifested in the removal of one of the nearest Ca [41] . We have performed full geometry optimization runs with different initial configurations in order to be sure that the energetically most favorable structures are obtained.
As it follows from the computations, for both of the defect models the substitutional nitrate ion has almost identical planar configuration with the average N-O distance of about 0.126 nm. The lattice parameters for both of the simulated models are appearing to be very close to those for pure HAp (the deviations do not exceed 1 % from the obtained experimentally). We found no effect of the supercell size on the calculated properties.
In order to study the structure and magnetic properties of the paramagnetic NO
centre we have performed spin-polarized calculations with one extra electron added to supercell. The structural relaxation was carried out with respect to atomic positions with the lattice parameters fixed. The optimized supercells containing NO − 3 impurity were used as initial data. The structure of the resulting NO
radical shows significant deviation from the planarity for both B-and Asites towards to the pyramidal shape. The out of plane Table 2 ENDOR splittings, electron-nuclear distances extracted from the ENDOR experiments using Eq. (4) in the point-point dipole-dipole interaction approach (rexp), distances between the atom in substituted OH and PO containing HAp supercells (see Table 2 ). The good agreement with the distances derived from ENDOR data justifies the B-type location of the impurity. We have simulated the partial contributions to ENDOR spectrum due to the protons located near to the impurity site by using 1 H hyperfine tensors as followed from GIPAW DFT calulations. The simulated 1 H ENDOR spectra together with the optimized structure of the NO 2− 3 radical in the B-position of HAp are illustrated on Fig. 4 . Only the contributions due to the three nearest protons (with N-H interatomic distances within 0.6 nm) are shown; the other protons contribute only to the region close to the Larmor frequency. Fig. 4 . Top -ENDOR spectra simulated separately for the protons nearest to the defect site as followed from the GIPAW DFT calculations (dashed) presented together with the experimental 1 H ENDOR spectrum (solid). Bottom -optimized structure of the stable NO 2− 3 radical in B-position (N(2) site) of HAp (the tetrahedra are for PO4 groups); the protons taken into account in ENDOR simulation are marked Conclusion and perspectives. Modern EPR approaches can complement standard analytical tools for the comprehensive characterization of the HAp based materials [43] [44] [45] and could be used for the quality check, estimations of the crystallinity and purity of the synthesized species and for the further structural investigations of nano-HAP. NO
radicals with slightly different spectroscopic parameters in the wet-synthesized HAp samples are detected by FT-EPR. According to the perfomed DFT calculations, they all are due to the B-type located radicals. The variation of the spectroscopic parameters might be due the slightly different geometry of the radical or to the re-distribution of the nearest vacancies. No powder grain size effects was found in our experiments.
We hope that the presented work could serve as an another node for the detailed investigation of different nanostructures and stimulate the scientific community for their study by other advanced magnetic resonance techniques. All these, finally, could help to synthesize the materials with the increased biocompatibility and higher efficiency for the removal of different toxic elements.
